ABSTRACT -Methylmercury is a hazardous heavy metal compound that can damage the central nervous system. The mechanisms of methylmercury toxicity and the biological defense mechanisms against it remain unclear. We employed gene knockdown using siRNA to search for transcription factors involved in the manifestation of methylmercury toxicity. We found that the inhibition of expression of the gene for heat shock transcription factor 1 (HSF1) sensitized HEK293 cells to methylmercury.
INTRODUCTION
Methylmercury is a hazardous heavy metal compound that is capable of damaging the central nervous system (Clarkson and Magos, 2006) . However, the biological defense mechanisms against methylmercury toxicity remain poorly understood.
Animals exposed to oxidative stress and hazardous substances (e.g., carcinogens) maintain homeostasis by inducing the expression of biological defense genes through certain transcription factors (Itoh et al., 2004; Scandalios, 2005) . Nuclear factor erythroid 2-related factor 2 (Nrf2), a basic leucine zipper transcription factor, has been reported as a biological defense factor against methylmercury toxicity (Toyama et al., 2007; Wang et al., 2009; Toyama et al., 2011) . However, it is not clear which other transcription factors may be involved in reducing methylmercury toxicity. Thus, we employed siRNA to inhibit gene expression in order to identify transcription factors that sensitized HEK293 cells to methylmercury.
MATERIALS AND METHODS

Cell culture
HEK293 human embryonic kidney cells were maintained to 60-80% confluence in Dulbecco's modified Eagle's medium (DMEM) containing 10% heat-inactivated fetal bovine serum, 100 IU/ml penicillin, and 100 mg/ml streptomycin in a 37°C/5% CO 2 atmosphere.
siRNA transfection and viability assay
Double-stranded siRNAs, each of which recognizes about 1,000 transcription factors, were purchased from Qiagen (Germantown, MD, USA). siRNA transfection was performed using the HiPerFect transfection reagent (Qiagen). In brief, 2.5 μl of a mixture (final concentration: 10 nM) of the two kinds of siRNA was spotted into single wells of 96-well plates. Next, 0.75 μl of HiPerFect transfection reagent was added to 24.25 μl of Opti-MEM medium (Invitrogen, Carlsbad, CA, USA), and the diluted transfection reagent was added to the prespotted siRNA. After 10 min of incubation at room temperature, HEK293 cells (5 ×10 3 cells) were plated and cultured in 100 μl aliquots of medium. Forty-eight hr after the siRNA transfection, the HEK293 cells were treated with 4 μM methylmercuric chloride at a sufficient concentration to inhibit the growth of normal cells by about 60% and were then incubated for a further 48 hr. Cell viability was quantified using the Alamar Blue assay (Biosource, Camarillo, CA, USA) according to the manufacturer's instructions (Hwang et al., 2010) . In brief, cells were cultured in test medium in 96-well plates. The cells were incubated with 10% Alamar Blue reagent at 37°C for 3 hr. Fluorescence was determined using the Gemini XPS ® microplate specsiRNA-mediated silencing of the gene for heat shock transcription factor 1 causes hypersensitivity to methylmercury in HEK293 cells
Gi-Wook Hwang, Katsunori Ryoke, Jin-Yong Lee, Tsutomu Takahashi and Akira Naganuma trofl uorometer (Molecular Devices, Sunnyvale, CA, USA) by excitation at 544 nm and the measurement of emission at 590 nm.
RNA extraction and quantitative real-time PCR Double-stranded heat shock transcription factor 1 (HSF1) siRNA No. 1 (CAGGTTGTTCATAGTCA-GAAT), No. 2 (CCGGAAAGTGGTCCACATCGA), and AllStars ® negative control siRNA were purchased from Qiagen. Forty-eight hours after transfection with the control or HSF1 siRNA, the attached cells (approximately 10 6 cells/well in 6-well plates) were gently rinsed with 1 × PBS. Next, total RNA was isolated using the FastPure ® RNA kit (Takara, Shiga, Japan) according to the manufacturer's instructions. The RNA concentration was measured at 260 nm in a UV/VIS spectrophotometer (NanoDrop ® , NanoDrop Technologies Inc., Wilmington, DE, USA). Reverse transcription was performed with 1 μg of total RNA as the template and the PrimeScript ® RT reagent kit (Takara) according to the manufacturer's instructions. Gene expression was determined using SYBR ® green-based quantitative real-time PCR (Thermal Cycler Dice ® , Takara; Chen et al., 2009; Kawakami et al., 2009) with the following primers: HSF1-F, 5'-TGATGAAG-GGGAAGCAGGAGTG-3', and HSF1-R, 5'-GCTTGTT-GACGACTTTCTGTTGC-3', for the HSF1 gene; and GAPDH-F, 5'-GCACCGTCAAGGCTGAGAAC-3', and GAPDH-R, 5'-TGGTGAAGACGCCAGTGGA-3', for the GAPDH gene. The fold decreases in HSF1 mRNA levels were determined from standard curves after calibration of the assay.
RESULTS AND DISCUSSION
About 1,000 potential transcription factors were identifi ed using a transcription factor prediction database (http:// www.transcriptionfactor.org). Next, siRNAs against these transcription factors were introduced into cells. The cells were cultured for 48 hr in the presence of 4 μM methylmercuric chloride, which suppresses the proliferation of normal cells by about 60%. HSF1 (heat shock transcription factor 1) was identifi ed as a transcription factor that sensitized cells to methylmercury through gene silencing. To confi rm the effect of the siRNA, two siRNAs with different sequences, but both targeting HSF1, were separately introduced into HEK293 cells. Cells carrying HSF1 siRNA No. 2 were slightly sensitive to methylmercury, while those carrying HSF1 siRNA No. 1 were markedly sensitive, compared with control cells (Fig. 1A) . Cells carrying both siRNAs were as sensitive to methylmercury as those carrying HSF1 siRNA No. 1 (Fig. 1A) . HSF1 mRNA levels in these cells were reduced by about 18 and 24% in response to introducing HSF1 siRNA Nos. 1 and 2, respectively, as compared with the control cells. Cells carrying both siRNAs showed a reduced mRNA level, comparable with that of cells carrying HSF1 siR-NA No. 1 (Fig. 1B) . These results demonstrate that HSF1 is involved in the reduction of methylmercury toxicity. Inhibiting HSF1 expression barely infl uenced the sensitivity of cells to inorganic mercury, arsenite, and tributyltin, and made the cells slightly resistant to cadmium, in contrast to methylmercury (Fig. 2) . Thus, HSF1 may specifi cally reduce methylmercury toxicity.
HSF1 is a transcription factor that induces the expression of genes encoding heat shock proteins (HSPs) to After incubation for 48 hr, methylmercuric chloride was added and cells were cultured for a further 48 hr. Cell viability was quantifi ed using the Alamar Blue assay (Biosource, Camarillo, CA, USA). Each point and bar represents the mean value and standard deviation of the results from three cultures. (B) Levels of HSF1 mRNA in HEK293 cells transfected with doublestranded HSF1 siRNA were analyzed using quantitative real-time PCR. HSF1 mRNA levels were normalized to those of GAPDH mRNA.
negatively regulate cell death caused by heat shock or oxidative stress (Pirkkala et al., 2001; Ahn and Thiele, 2003; Jacobs and Marnett, 2010) . Methylmercury has been reported to increase the mRNA levels of HSPs (e.g., HSP70) (Li et al., 1999; Helmcke and Aschner, 2010) . However, the relationship between methylmercury toxicity and HSF1 has barely been examined. Further investigation of the roles of HSF1 as a biological defense factor against methylmercury toxicity should help to elucidate the mechanisms underlying methylmercury toxicity and the biological responses to counter this toxicity. 
